Wood frogs [Rana sylvatica (LeConte 1825)] exhibit one of the most extreme freeze tolerance responses found in vertebrates. While extensive work is continuing to resolve the physiological mechanisms involved, few have studied the effects of freezing on locomotor performance. The ability to mount an appropriate locomotor response is vital, as locomotion can affect both survivorship and reproductive success. To investigate how the biomechanical processes during locomotion are altered following freezing, stroke cycle timings and kinematic performance were measured prior to, and immediately following a freeze-thaw cycle. Additionally, the effects of cooling rate (0.3˚C/h vs. 0.8˚C/h) were also assessed. While jumping and swimming performance were both reduced post-freeze, the effects were more pronounced during swimming, with observed reductions in velocity and distance travelled. Interestingly, these changes occurred largely independent of cooling rate. Altered stroke cycle timings and highly variable muscle activation/deactivation patterns suggest an impairment in muscle function as frogs continued to recover from the effects of freezing. This was supported by the physiology of frogs post-freeze, specifically, the persistence of elevated glucose levels in muscles important during locomotion. Collectively, these findings suggest that reductions in locomotor performance observed immediately following a freeze-thaw cycle are driven by alterations in muscle function.
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Introduction
Many animals cope with seasonally subzero (< 0˚C) temperatures; as such, a diverse suite of strategies to facilitate survival during these periods have evolved. Many animals seek thermal refugia, and may even enter prolonged periods of inactivity and reduced metabolism (i.e. hibernation) to overcome these seasonal hardships (Sømme 1989;  D r a f t Like all freeze tolerant species, wood frogs rely on a combination of tissue dehydration and cryoprotectant synthesis to cope with freezing. In anticipation of freezing, muscle proteolysis causes an increase in urea production, while liver glycogen stores are rapidly converted to glucose immediately upon initiation of freezing-elevating levels of both cryoprotectant molecules (Costanzo et al. 2015) . Similarly, as a result of an increased reliance on anaerobic metabolism during both freezing and dehydration, lactate levels rise (Churchill and Storey 1993) . However, upon thaw wood frogs reconvert the majority of the glucose mobilized as cryoprotectant back into hepatic glycogen reserves (Storey and Storey 1986; Costanzo et al. 2013) , providing energy stores to facilitate behaviours such as mating.
Wood frogs begin to perform intense spawning behaviours immediately upon spring arousal (Wells and Bevier 1997) . However, when competing with controls that were not frozen, recently thawed male wood frogs are less successful at achieving amplexus with a female (Costanzo et al. 1997) . As well, locomotor endurance remains impaired for at least 96h following thaw (Irwin et al. 2003) . These combined findings suggest that despite the urge to perform and reproduce immediately upon thaw, an altered physiological condition is likely preventing them from doing so. In fact, Layne and Rice (2003) observed that jump distance and swim speed were negatively affected 6h postfreeze, only returning to pre-freeze levels after 54h. However, no studies to date have assessed how kinematics during locomotion are altered in recently thawed frogs.
We hypothesized that biomechanical performance in R. sylvatica post-thaw is reduced due to prolonged effects of the widespread physiological remodeling induced during freezing. To assess this, we compared the kinematics and muscle activation patterns of D r a f t R. sylvatica before and after freezing, and measured several physiological parameters implicated in their freeze tolerance response. In addition, we assessed the effect of the rate of cooling, predicting that more abrupt decreases in temperature would cause further reductions in biomechanical performance. The effects of holding time on animal performance and condition were also assessed.
D r a f t
Materials and Methods

Collection and Housing
Fifty-one male wood frogs (Rana sylvatica) were used in this study. Animals were collected on April 1, 2016 in Bishop Mills, Ontario. Following collection, animals were transferred to holding containers at the University of Ottawa. Containers were kept in the dark at 4ºC, and contained one centimeter of dechloraminated City of Ottawa tap water. Water was changed every three days. Wood frogs were not fed over the duration of the study to avoid the potentially lethal effects due to unpredictable ice nucleation occurring in the contents of the gut while freezing (Storey and Storey 1987) . All animals were checked to be sexually mature (i.e. inspection of nuptial pads) and in good condition (i.e. completely unfrozen and uninjured) prior to experimentation. All experimental protocols were approved by the University of Ottawa animal care committee (protocol BL2548), and were in compliance with the guidelines of the Canadian Council on Animal Care (CCAC) for the use of animals in research and teaching.
Experimental Procedure
All experimental procedures (i.e. holding, transportation, anesthesia, operation, recovery, and filming) were performed at 4ºC. Experiments were conducted from April 8-24, 2016. Six non-jumped controls (twelve in total) were randomly sampled from holding on the first and last days of the experiment to assess changes in tissue metabolite concentrations over time. Each experimental cycle (four in total) included nine frogs and lasted four days (Table 1) .
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Treatments consisted of a slow cooling regime, where the environmental temperature was reduced from 4ºC to -2.5ºC over a 24h period; a rapid cooling regime, where the environmental temperature was reduced from 4ºC to -2.5ºC over an 8h period; and a sham treatment, where muscles were prodded without electrode insertion to control for any effects of surgery and animals were not frozen ( Table 1 ). The order of treatment assignment was determined randomly prior to retrieving the animals for surgery.
Animal temperatures were monitored throughout the cooling regime using a RDXL4SD 4-channel data logger thermometer equipped with four type T thermocouples (OMEGA), and freezing exotherms were observed during both cooling regimes.
On Day 1, frogs were randomly collected from holding and underwent surgery (see Section 2.2.1). Following surgery, animals were given 24h to recover at 4ºC. On Day 2, video recordings of jumping and swimming performance were taken (see Section 2.2.2).
Following filming, animals were returned to their containers and placed into their respective cooling treatment. Sham-handled animals were filmed, and immediately euthanized and dissected. On Day 3, animals in the rapid cooling treatment were placed at 4ºC for 8h. Previous work has shown that sciatic nerve excitability and hind limb retraction returns within this time range (Kling et al. 1994) . Following this, animals were filmed for a second time, and immediately euthanized and dissected. On Day 4, the same protocol described for Day 3 was performed on animals from the slow cooling treatment.
D r a f t (0.002 µm; California Fine Wire Co.) were surgically implanted into the gastrocnemius and semimembranosus muscles using a 26 gauge needle ( Figure 1 ). These muscles were selected due to their ubiquitous importance during locomotion. Electrodes were sutured together at the knee, ischium, and sacrum along the right side of the animal to prevent animal injury and damage to the wires. Over the duration of the surgery, the temperature of the animal, and its surrounding materials, were monitored using a temperature data logger with a type K thermocouple (OMEGA). After surgery, animals were placed in chilled water to recover. Animals were then individually put into containers with moist sphagnum moss and placed at 4ºC. The lid of each container was modified to allow electrode movement to prevent injury to both the animals and the wires. Animals of each regime were placed in separate incubators (Precision M815; Thermo Scientific) at 4ºC.
Filming
Two high-speed video cameras (FASTCAM Mini UX100; Photron) were fixed around an 80L aquarium, containing 40L of water. The lateral camera was fixed at the same plane as the water level, while the ventral camera reflected off of a mirror positioned at a 45º angle underneath the aquarium. The tank was insulated and water chilled to 4ºC.
Water temperature was monitored using a temperature data logger with a type K thermocouple throughout each trial.
Animals were placed on moist sphagnum moss on top of a brick embedded in ice, which served both to maintain water temperature and as a jumping platform that impeded the frog from swimming backwards. Ice bricks were replaced between treatments. The temperature of each animal was periodically monitored up until the D r a f t point of jumping using a type K thermocouple. Each animal jumped and swam between two and four times, which was filmed at 500 frames per second.
Electromyography
The electromyography (EMG) electrodes were connected to P511 Grass amplifiers (Natus Medical Inc.). Amplifiers and camera trigger were connected to a PowerLab DAQ (ADInstruments Inc.). Synchronization of high-speed video and EMG electrode data was performed via an end trigger through the PowerLab DAQ with the LabChart (v.8.1.5) interface at a 10kHz sampling rate and a ±5V differential signal range. A 60Hz notch filter was applied to remove potential alternating current electrical noise. Our baseline signal was 0.05V. Onset and offset were determined manually in MATLAB at approximately 0.3-0.5V.
Dissections
Immediately following final video recordings, animals were rapidly euthanized via double pithing. Mass and length (SVL) were recorded, and blood samples were collected via aortic severance into heparinized capillary tubes. Tubes were centrifuged at 10,000g for 3 minutes and hematocrit was measured. Plasma was extracted, flash frozen in liquid nitrogen, and stored at -80°C for later analysis of glucose, lactate, and urea. The liver, right gastrocnemius, and right semimembranosus were extracted, weighed, and flash frozen in liquid nitrogen. Hepatosomatic index was calculated as the percentage of the liver in relation to the mass of the entire animal. These samples were stored at -80°C for later analysis of glycogen, glucose, lactate, and urea. To calculate relative muscle water content, the right peroneus muscle was extracted, weighed, placed into an incubator at 65°C for 30 minutes, and reweighed. The percent difference D r a f t between these weights represented relative water content. During dissection, proper placement of the EMG electrodes was confirmed. All dissections were performed on ice.
Tissue Preparation and Metabolite Measurements
Tissue samples were ground using a mortar and pestle on dry ice prior to analysis.
Glucose/glycogen, lactate, and urea levels were determined according to the methods described by Keppler and Decker (1974), Brandt et al. (1980) , and Rahmatullah and Boyd (1980) , respectively. Analyses of glucose, glycogen, and lactate were performed in triplicate; however, urea was run in duplicate due to limited sample volumes. Interand intra-assay variations (% CV) for glucose (Inter, Intra; 6.2%, 4.4%), glycogen (1.7%, 6.1%), lactate (3.0%, 3.7%), and urea (6.1%, 9.7%) were all below 10%.
Data Processing
Single view high-speed videos were digitized in MATLAB ( Figure 1 ). The stroke cycle began with extension of the foot, and finished following the completion of foot flexion. In jumping videos, the tip of the nose was tracked in the lateral view to calculate jump height and distance. A calibration cube was used to convert pixel lengths to distance measurements in both views.
Kinematics
Peak joint extension and flexion were determined by plotting calculated angles over time. Average jump and swim velocity were calculated as the total distance covered in each trial divided by time, while instantaneous velocity was calculated at every 4th frame (i.e. 8 ms). Distance and velocity during kick and recovery correspond to the foot extension and flexion phases, respectively, of each stroke cycle. The jump loading time was calculated as the time from the visible flexing of the stationary frog's epaxial musculature (see beginning movement point (BM) (Peters et al. 1996) ) to the first visible motion of leg extension. At this point the animal is in a characteristic position of an upward head/snout tilt; a stance that immediately leads to hind limb extension.
Swimming was categorized as either synchronous, asynchronous, or both-based on the observed initiation of leg extension. Stroke cycle timings were calculated using polar coordinates so that individual stroke cycles could be compared. Peak joint angle magnitude timings, as well as EMG muscle activation timings, were transformed into stroke cycle polar coordinates in radians.
Statistical Analyses
All data are presented as means ± SEM. Unpaired t-tests were used to assess whether animal physiology or kinematic locomotor performance at the end of the experiment (i.e. Day 16) varied from that of animals at the beginning of the experiment (i.e. Day 1).
One-way analysis of variance was employed to detect differences in physiology and kinematic performance between cycles within treatments. Unpaired t-tests were used to evaluate differences between rapid and slow cooling regimes for all physiological variables, and to compare with sham-handled controls. Paired t-tests were employed to assess differences between pre-and post-freeze locomotor performance. For variables D r a f t with more than one measure per animal, values were averaged and means were analyzed. When data did not meet the assumptions of homoscedasticity and normality, analyses were performed using transformed data. Variables that showed a von Mises distribution and equal variance were tested for directionality using Rayleigh's test. If variables are directional that means they occur at the same time in every stroke cycle.
Analyses of kinematic and physiological data were performed in SigmaPlot (Version 11, Systat), while cycle timings were analyzed in MATLAB (Release 2016a; MathWorks). A significance level of 0.05 was used for all analyses.
D r a f t 3. Results
Does holding duration affect physiology or locomotor performance?
When comparing the physiological characteristics of non-jumped control frogs sampled directly from holding at the beginning of the experiment (Day 1) to those sampled at the end of the experiment (Day 16), several differences were observed (Table 2A) . Lactate levels in both the gastrocnemius (p=0.020) and semimembranosus (p<0.001) increased over the duration of the experiment, along with plasma (p=0.030) and semimembranosus (p<0.001) glucose concentrations. Muscle water content (p=0.004) increased over this period as well. Plasma lactate (p<0.001), hepatic glucose (p=0.001), and semimembranosus glycogen (p=0.030) levels all decreased across time.
Locomotor performance of jumped sham-handled control frogs did not vary across time (Day 1 vs. Day 16) for any of the kinematic variables assessed (Table 2B ).
Does cooling regime influence physiology?
Upon scrutiny of the data, no differences were detected for any of the kinematic or physiological variables across the four experimental cycles for any of the treatment groups. Thus, data were pooled across cycles within each treatment group for the remaining analyses.
Animals differed very little physiologically between the two cooling regimes (Table   3A) ; the lone difference being frogs from the rapid regime exhibited higher liver glycogen concentrations (p=0.030). However, when comparing pooled frogs from both cooling regimes to sham-handled control frogs, several differences were observed (Table 3B ). Glucose concentrations of previously frozen frogs were elevated in the D r a f t plasma (p=0.002), liver (p=0.006), gastrocnemius (p<0.001), and the semimembranosus (p<0.001). Lactate levels were reduced in the gastrocnemius (p=0.001) and the semimembranosus (p<0.001) of previously frozen frogs. Frogs from the slow cooling regime also displayed lower hepatic glycogen levels than sham-handled controls (p<0.001), however, rapidly cooled frogs did not differ from controls (p=0.240).
How does locomotor performance change following freeze?
Frogs from the slow cooling regime (Table 4A ) displayed reductions in distance kicked (p=0.040), took longer to enter the jumping position (p=0.020), and had larger maximum flexion angles at the foot (p=0.040) post-freeze. Rapidly cooled frogs (Table   4B ) exhibited reductions in mean jump velocity (p<0.001), kick velocity (p=0.030), and maximum instantaneous swimming velocity (p=0.040), as well as performing asynchronous swimming more frequently (p=0.027) following freeze. To further investigate the effects of freezing on locomotor performance, we analyzed the before and after measures of experimental animals irrespective of treatment (Table 5) . Overall, frogs displayed reductions in average jumping velocity (p=0.007), average swimming velocity (p=0.013), kick distance (p=0.025), kick velocity (p=0.004), maximum instantaneous swimming velocity (p=0.007), and took longer to enter a jumping position (p=0.004) following freeze.
Effects of freezing on cycle timing occurred for both cooling regimes ( Figure 2) . Frogs from the rapid cooling regime (Table 6A ) reached their maximum flexion angle at the foot later (p=0.020), while performing their maximum extension angles at the ankle (p=0.049) and hip (p=0.030) earlier in the stroke cycle. Frogs from the slow cooling regime, on the other hand, reached their maximum extension angles at the foot D r a f t (p<0.001), ankle (p=0.005), and knee (p=0.030) later in the stroke cycle, as well as their maximum flexion angle at the ankle (p=0.003) earlier (Table 6B) .
Following the slow cooling regime, muscle activation timings of the both the gastrocnemius and the semimembranosus were highly variable and did not occur at a particular time during the stroke cycle (non-directional; Raleigh's test (p>0.05); Table   6A ). Similarly, the muscle activation of the semimembranosus in rapidly cooled frogs was also non-directional. The gastrocnemius of rapidly cooled frogs did occur at the same point in each stroke cycle (directional; Raleigh's test (p<0.05)). Rapidly cooled frogs did not display changes in either the start (p=0.500) or end (p=0.520) of activation in the gastrocnemius as a consequence of freezing ( Figure 2C ).
Discussion
Physiology Wood frogs undergo drastic physiological remodeling to tolerate freezing. As such, it is not surprising that frogs which underwent freezing had different physiological responses than non-frozen sham-handled controls. Elevated levels of glucose along with low levels of hepatic glycogen in previously frozen animals suggests that the resorption of this cryoprotectant molecule occurs over a longer duration than the 8 hour recovery period provided. Indeed, prior studies have shown that the effects of freezing on glucose metabolism persist even following 5 days of recovery from freezing at 4˚C (Costanzo et al 2013). As well, consistent with previous findings, this universal rise in glucose occurred independently of muscle glycogen stores (Storey 1984) , instead relying solely on hepatic glycogen levels (Table 3B ). The functional outcome of this being that glycogen stores remain high in muscle tissues where they are required for high intensity locomotor and reproductive behaviours. Interestingly, there were almost no physiological differences between frogs that were cooled at different rates (Table 3A ), suggesting that the physiological effect of cooling rate is minor when compared to the broad responses induced by freezing in general.
Lactate is known to accumulate while frozen (Storey and Storey 1984) , owing to an increased reliance on anaerobic metabolism. Lactate levels negatively correlate with muscle performance in frogs (Fitts and Holloszy 1976), therefore, it would be feasible to expect that elevated lactate would be associated with reductions in post-freeze locomotor performance (Layne and Rice 2003; current study). However, in contrast, we observed lower levels of muscle lactate in previously frozen animals compared to shamhandled controls (Table 3B) , and previous studies suggest that either lactate does not D r a f t accumulate in the leg muscles (Costanzo et al. 1997) , or that it is rapidly cleared upon thaw (<24hr; Irwin et al. 2003) . In support of the latter, Sinclair et al. (2013) observed that whole animal metabolic rate increases during thaw, probably due in part to lactate clearance. This is supported by elevated post-freeze activity levels of lactate dehydrogenase (Cowan and Storey 2001), which converts lactate to pyruvate. Overall, these data suggest that lactate is not the cause of the reduction in locomotor performance observed post-thaw.
Muscle atrophy induced while frozen may also cause reduced locomotor performance, however, immobility while frozen does not seem to cause muscle atrophy in wood frogs (Irwin et al. 2003; Layne and Rice 2003) . More likely, reductions in creatine phosphate (PCr) levels that occur as a result of freezing may be influencing performance (Storey and Storey 1984) . PCr stores are relied upon by frogs while frozen to maintain constant levels of adenosine triphosphate, and thus become depleted (Storey and Storey 1984;  Layne and Kennedy 2002). However, PCr is also used by anurans as a fuel source during periods of high intensity muscle activation, such as burst locomotion (Miller and Sabol 1989) . Therefore, it is likely that decreased PCr levels are, at least partly, responsible for the observed reductions in post-freeze locomotor performance. We also observed elevated levels of glucose in both the gastrocnemius and the semimembranosus muscles (Table 3B) D r a f t Layne and Rice (2003) found that lower freezing temperatures required longer recovery periods before pre-freeze levels of locomotor performance returned. While we did not vary freezing temperatures in the present study, we did vary the rate of temperature decline. Costanzo et al. (1992) reported significant differences in organ dehydration and glucose content due to cooling rate, with both being impaired in frogs cooled at a rate of -1.6˚C/h compared to -0.2˚C/h. The rapid cooling rate used in the present study was ~50% less than that used in Costanzo et al. (1992) , however, previous work has shown that cooling rates ≤ -1.0˚C/h are associated with high rates of mortality (Costanzo et al. 1991 ). While no mortalities as a result of freezing were observed in the current study, we also did not detect any differences in glucose levels indicative of impaired glucose mobilization, despite hepatic glycogen levels being higher in rapidly cooled frogs. It is therefore likely that cooling rates necessary to impair glucose mobilization in this species are lethal.
In contrast to earlier studies (Layne 1992; Costanzo et al. 1997 ) that required a 24h thaw at 3ºC for wood frogs to respond by jumping, frogs from both of our cooling regimes recovered jumping and swimming ability within 8h thawing at 4ºC. That our frogs recovered coordinated motor function sooner than those of earlier studies (southern Ohio spring emergers) could be due to intraspecific differences originating from their postglacial colonization biogeography, however, divergence between wood frog populations' may already predate the last glacial maximum. Lee-Yaw et al. (2008) defined two distinct mitochondrial lineages (i.e. Eastern and Western) expanding from two different glacial refugia. Our frogs' lineage (Western lineage), which has colonized from Alaska to the Great Lakes region, may have inherited superior freeze-tolerance mechanisms than those from southern Ohio (Eastern lineage) due to the lower D r a f t temperatures encountered at higher latitudes. This is supported by the fact that genetics appear to have a strong effect on the thermal physiology of wood frogs (Manis and Claussen 1986), and that morphological variation reflects the genetic differences between lineages (Martof and Humphries 1959; Lee-Yaw et al. 2008) .
Biomechanics
While frogs in the current study underwent significant physiological changes as a result of holding over the 16 day period of experiments (Table 2A) , their kinematic performance measures were unaffected (Table 2B ). The lack of quantifiable change in biomechanical performance hints at the resilience of the frog musculoskeletal system to function effectively at a broad range of physiological parameters.
Frogs that underwent freezing, however, displayed reduced kinematic performance.
Previous work shows that freezing dramatically decreases in vitro muscle function in wood frogs up to 24h following thaw (Layne 1992), and reduces locomotor performance even following 11 days of recovery (Layne and Rice 2003). These findings have important ecological implications, as wood frogs experience highly variable conditions over the winter, potentially undergoing dozens of repeated freeze-thaw cycles (Sinclair et al. 2013) . This not only increases their odds of being preyed upon, but given that wood frogs spawn immediately after thawing (Wells and Bevier 1997), a reduction in locomotor performance may lead to a reduction in reproductive success.
The decrease in locomotor performance suggests a decrease in muscle output and, thus, a less explosive locomotor event. This hypothesis is partially supported by changes observed in kinematic and muscle activation patterns of treatment animals. For D r a f t example, in slowly cooled animals, leg extension starts earlier and ends later in the stroke cycle, occupying a larger portion of the stroke cycle via a slower motion pattern ( Figure 2A ). Rapidly cooled animals did not exhibit this extended power phase, but rather they delayed their knee extension, while accelerating extension of their hip and ankle ( Figure 2B )-a seemingly variable pattern suggestive of decreased function and control. Of more direct interest is the change in the rotation of the foot during swimming. Richards (2008) showed that foot rotation of a swimming frog is an important mechanism affecting thrust production. The position of the foot during the recovery stroke is also essential for reducing drag during flexion. If this timing is altered, the foot is not streamlined and can increase drag, explaining the decreases in swimming velocity and distance travelled.
During this study, we also measured muscle activation timing in the gastrocnemius and the semimembranosus muscles. Both muscles flex the knee, while the semimembranosus also extends the hip and the gastrocnemius flexes the foot.
Therefore, both muscles are important in successful thrust production during jumping and swimming. Wood frogs recover hind limb muscle contractility within 1-2h postthaw, however, coordinated motor function and body posturing remains impaired for 14-24h (Layne and Lee 1995; Costanzo et al. 1997) . During this time, processes such as muscle fiber recruitment may be suboptimal, affecting locomotor performance. In the current study, we observed highly variable EMG timings for both the gastrocnemius and the semimembranosus muscles of the leg following freezing (Tables 6A and 6B ). Also notable, frogs from the rapid cooling treatment exhibited an increase in asynchronous kicking behavior when swimming post-freeze. This behavioral modification has performance consequences and may be a result of post-freeze neuromotor control D r a f t impairment (Kling et al. 1994) ; frogs that activate all joints synchronously during swimming produce higher thrust forces (Nauwelaerts and Aerts 2003; Johanssen and Lauder 2004) .
Jumping performance does not appear to be as affected as swimming performance postfreeze (Table 5) . This difference in response may be the result of the mechanical differences between forces produced on land vs. in water. Muscle forces produced during jumping are transferred into more effective ground reaction forces compared with the more lateral production of forces during swimming (Nauwelaerts and Aerts 2003) . In addition, elastic energy storage may differ between terrestrial and aquatic locomotion such that loading of elastic elements during jumping is more effective than during swimming (Aerts and Nauwelaerts 2009). If ground reaction forces and elastic storage are more important during jumping, impaired muscle function may not be as detrimental to jump performance as it is to swim performance, which relies more directly on muscle contraction and contraction rate.
Over the course of the experiment we observed rehydration of the leg muscles and reductions in circulating lactate levels in our frogs (Table 2A) , changes consistent with recovering from freezing. Given that we collected these animals in April, immediately following spring emergence, these changes suggest that the frogs in the current study may still have been recovering from the effects of winter freezing. Both reduced muscle pH (Renaud and Stevens 1984) and muscle dehydration (Preest and Pough 1989) negatively affect contractile function in the muscles of anurans, suggesting that our frogs may have already exhibited muscle impairment prior to experimental freezing.
While kinematic performance did not vary over the duration of the experiment (Table  D  r D r a f t Figure 1 . Schematic representation of a wood frog (Rana sylvatica). Six anatomical landmarks were digitized in the ventral view to calculate animal movement. The expanded region in the dorsal view shows the position of the two muscles examined in this study. The m. semimembranosus is a hip extensor and knee flexor that originates on the ischium and inserts on the medial tibiofibula. The m. gastrocnemius originates posteriorly on the femoral condyles and inserts on the plantar aponeurosis posterior of the tibiotarsal joints acting as a foot flexor, and also flexes the leg at the knee joint. Single bipolar electromyography electrodes were implanted into each muscle to measure activation patterns during jumping and swimming.
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D r a f t Figure 2 . Timing of kinematic variables for the right leg of wood frogs (Rana sylvatica) during swimming before (thick grey) and after (thin black) freeze. One complete stroke cycle is represented by 360 degrees; 0 degrees represents the start of extension and 180 degrees the start of flexion. A) Timing of leg extension and flexion before and after the slow cooling treatment. B) Timing of leg extension and flexion before and after the rapid cooling treatment. C) EMG muscle activation/deactivation timing differences before and after the rapid cooling treatment. Significant differences before and after treatment are denoted with an asterisk.
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D r a f t D r a f t Table 3B . Physiological differences between combined treatment and sham-handled control wood frogs (Rana sylvatica). Liver glycogen was compared separately for each cooling regime as a difference was detected between cooling regimes (see Table 3A ). Data are presented as means ± the standard error of the mean (SEM). Significant results are shown in bold. D r a f t D r a f t D r a f t D r a f t 
